Scd1 Plays a Tumor-Suppressive Role in Survival of Leukemia Stem Cells and the Development of Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) is derived from a stem cell, and it is widely accepted that the existence of leukemia stem cells (LSCs) is one of the major reasons for the relapse of CML treated with kinase inhibitors. Key to eradicating LSCs is to identify genes that play a critical role in survival regulation of these stem cells. Using BCR-ABL-induced CML mouse model, here we show that expression of the stearoyl-CoA desaturase 1 (Scd1) gene is downregulated in LSCs and that Scd1 plays a tumor-suppressive role in LSCs with no effect on the function of normal hematopoietic stem cells. Deletion of Scd1 causes acceleration of CML development and conversely overexpression of Scd1 delays CML development. In addition, using genetic approaches, we show that Pten, p53, and Bcl2 are regulated by Scd1 in LSCs. Furthermore, we find that induction of Scd1 expression by a PPAR␥ agonist suppresses LSCs and delays CML development. Our results demonstrate a critical role for Scd1 in functional regulation of LSCs, providing a new anti-LSC strategy through enhancing Scd1 activity.
L eukemia stem cells (LSCs) are defined as transformed hematopoietic stem cell (HSC) or progenitors that have acquired unlimited self-renewal ability. It is generally accepted that eradication of LSCs is required for effectively treating and eventually curing the diseases. Chronic myeloid leukemia (CML) is believed to originate from a HSC harboring Philadelphia chromosome formed through a reciprocal translocation between chromosomes 9 and 22. Human CML is induced by the BCR-ABL oncogene that produces the chimeric BCR-ABL protein functioning as a constitutively activated tyrosine kinase in leukemogenesis (19, 27, 31) . Although BCR-ABL kinase inhibitors are highly effective in treating chronic-phase CML patients (5), they do not completely eradicate LSCs (5, 7, 10, 12) . Therefore, there is an urgent need for developing anti-LSC strategies, and this approach relies on the identification of critical target genes in LSCs.
Accumulating evidence shows a close relationship between cancer and metabolism (15) . Cancer cells display changes in fatty acid metabolism (2) , which is associated with modulations of expression and activity of lipogenic enzymes. One such enzyme is stearoyl-CoA desaturase (Scd). Scd is an endoplasmic reticulum enzyme, belonging to a family of ⌬9-fatty acid desaturase isoforms. Scd1 catalyzes the biosynthesis of monounsaturated fatty acids from saturated fatty acids, which are the most abundant fatty acids present in mammalian organisms (29) . Scd1 expression is detected in almost all tissues, with a predominant expression in liver, and is involved in regulating metabolic pathways related to preadipocyte differentiation, insulin sensitivity, metabolism, and tumorigenesis (6, 8, 13, 28, 29) . A recent study indicates that inhibition of Scd1 impairs lung cancer cell proliferation, survival, and invasiveness (8) , suggesting that Scd1 plays a supporting role in lung cancer cells. Another study shows that the level of Scd1 expression correlates with predisposition to liver carcinogenesis (6) . However, the role of Scd1 in leukemogenesis and hematopoiesis remains unknown, although it has been suggested that fatty acid metabolism plays a role in leukemogenesis and hematopoiesis (14, 20) . In the present study, using the BCR-ABL induced CML mouse model, we found that the expression of the Scd1 gene was downregulated in LSCs and the deletion of Scd1 accelerated CML development through affecting the function of LSCs but not normal HSCs, suggesting that Scd1 plays a tumor-suppressive role in BCR-ABL leukemogenesis. Our study provides a new strategy for targeting LSCs by enhancing the Scd1 function.
MATERIALS AND METHODS

Mice. Scd1
Ϫ/Ϫ , C57BL/6J-CD45.1, and C57BL/6J-CD45.2 mice were purchased from the Jackson Laboratory. All mice had a C57BL/6J background, were bred and maintained in a temperature-and humidity-controlled environment, and given unrestricted access to 6% chow diet and acidified water.
Generation of retrovirus stocks. The retroviral constructs MSCV-IRES-GFP, MSCV-BCR-ABL-IRES-GFP, MSCV-BCR-ABL-IRES-Scd1, and MSCV-Scd1-IRES-humanCD4 MSCV-BCR-ABL-IRES-Pten-IRES-
GFP were used to generate a high-titer, helper-free, replication-defective ecotropic virus stock by transient transfection of 293T cells as previously described (16) .
Lentiviral transduction and shRNA-mediated knockdown of p53 and Bcl2. Lentiviral short hairpin RNA (shRNA) vector pLKO.1 was purchased from Open Biosystems. The sequences of p53 and Bcl2 shRNA were as follows: shRNA-p53 sense, 5=-CCAGTCTACTTCCCGCCATAA-3=; shRNA-p53 antisense, 5=-TTATGGCGGGAAGTAGACTGG-3=; shRNA-Bcl2 sense, 5=-CGTGATGAAGTACATACATTA-3=; and shRNABcl2 antisense, 5=-TAATGTATGTACTTCATCACG-3=. For the transduction of shRNAs, bone marrow cells from CML mice were transfected with lentiviral shRNA and, 24 h later, were selected under puromycin (2.5 g/ml) for 48 h to enrich shRNA-expressing cells before the next steps.
Bone marrow transduction/transplantation. Eight-to twelve-weekold C57BL/6 mice were used for bone marrow transduction and transplantation. Retroviral transduction and transplantation of mouse bone marrow cells for inducing CML and B-cell acute lymphoblastic leukemia (B-ALL) by BCR-ABL had been described previously (8, 9, 14, 16, 20, 22) . Briefly, in order to induce CML, donor mice were primed by intravenous injection with 5-fluorouracil (5-FU; 200 mg/kg) 4 days before collecting bone marrow cells. The cells were cultured at 2 ϫ 10 7 cells per 10-cm plate in Dulbecco modified Eagle medium containing 6 ng of recombinant murine interleukin-3 (IL-3; PeproTech)/ml, 10 ng of recombinant murine IL-6 (PeproTech)/ml, and 50 to 100 ng of recombinant murine stem cell factor (SCF; PeproTech)/ml. After prestimulation for 24 h at 37°C, the cells were transduced with retroviral stocks in the same medium containing 50% retroviral supernatant, 10 mM HEPES (pH 7.4), and 2 g of Polybrene/ml. To increase the transduction efficiency, the virus and cells were cosedimented at 1,000 ϫ g for 90 min. A second round of transduction was performed at 48 h. For inducing B-ALL, bone marrow cells from non-5-FU-treated donor mice were transduced only once with retroviral stocks. Recipient mice were prepared by two doses of 550 cGy of gamma irradiation separated by 3 h, and bone marrow cells were transplanted into these recipient mice by intravenous injection. Diseased mice were evaluated by flow cytometric, histopathological, and molecular analyses. For secondary transplantation, equal numbers of bone marrow cells from primary CML mice were transplanted into lethally irradiated recipient mice. For drug treatment, rosiglitazone (GlaxoSmithKline) and imatinib (Novartis) were given orally in a volume of Ͻ0.3 ml by gavage (100 mg/kg, twice a day for rosiglitazone; 100 mg/kg, twice a day for imatinib) beginning 8 days after bone marrow transplantation (BMT) and continuing until the morbidity or death of the mice with leukemia.
Flow cytometry analysis. Hematopoietic cells were collected from the bone marrow and peripheral blood (PB) of CML mice for fluorescenceactivated cell sorting (FACS) analysis. For stem cell analysis, five mice from each experimental group were sacrificed at day 14 after BMT to collect bone marrow cells. Red blood cells (RBCs) were depleted using RBC lysis buffer (containing NH 4 Cl, KHCO 3 , and EDTA). To stain the cells with antibodies, bone marrow cells were suspended in staining medium (Hanks balanced salt solution with 2% heat-inactivated calf serum), followed by incubation with biotin-labeled lineage antibody cocktail containing a mixture of antibodies against CD3, CD4, CD8, B220, Gr-1, Mac-1, and Ter119 at 4°C for 15 min. After washing, the fluorochromelabeled secondary antibody (allophycocyanin-cyanin 7 [APC-Cy7]-conjugated streptavidin) for recognizing biotin and phycoerythrin (PE)-conjugated c-Kit and APC-conjugated Sca-1 antibodies were added to the cells for 15 min at 4°C in the dark. Long-term and short-term LSCs were distinguished by the CD34 antibody. The CML stem cell population (GFP ϩ Lin Ϫ c-Kit ϩ Sca-1 ϩ ) was analyzed by FACS. All of these antibodies were purchased from eBioscience.
Cell cycle analysis of LSCs was performed by staining cells with antibodies in combination with Hoechst 33342 for 90 min at 37°C, followed by flow cytometry analysis. To analyze apoptosis of bone marrow cells, the cells were stained with annexin V (eBioscience) for 15 min at room temperature. 7-Amino-actinomycin D was added before flow cytometry analysis.
Leukemia stem cell culture. For mouse leukemia stem cell culture, bone marrow cells isolated from CML mice were cultured in vitro in the presence of stemspan SFEM, SCF, insulin-like growth factor 2, thrombopoietin, heparin, and anti-fibroblast growth factor as reported previously for the culture of HSCs. For in vitro treatment, rosiglitazone (Cayman Chemical) was dissolved in dimethyl sulfoxide (DMSO).
In vitro methylcellulose colony formation assay. Pten promotersense (5=-CGGGACTCTTTGTGCACTG-3=), Pten promoter-antisense (5=-GCGGCTCAACTCTCAAACTT-3=), p53 promoter-sense (5=-AACA GTGGCGGTCCACTTAC-3=), and p53 promoter-antisense (5=-GGGAC TTGCAGAGTCAGGAT-3=), Bcl2 promoter-sense (5=-CCGGCGGAGA ATGAAGTAA-3=), and Bcl2 promoter-antisense (5=-CGCACCCTTTCT CCTCCT-3=).
Real time reverse transcription-PCR (RT-PCR).
Total RNA was isolated from GFP ϩ Lin Ϫ Sca-1 ϩ c-Kit ϩ bone marrow cells from mice using an RNeasy minikit (Qiagen, CA). cDNA was synthesized using the Ovation-Pico cDNA synthesis method. All real-time PCRs were done using the Applied Biosystems 7500. The 25-l reaction system was composed of 12.5 l of SYBR green, 2.5 l of a 20 M primer mixture, 10 ng of cDNA, and nuclease-free water. All experiments were performed in triplicate. ␤-Actin was used as the internal control. The primer sequences were as follows: Scd1 sense, 5=-TTCTTACACGACCACCACCA-3=; Scd1 antisense, 5=-GCAGGAGGGAACCAGTATGA-3=; Pten sense, 5=-ACACCGC CAAATTTAACTGC-3=; Pten antisense, 5=-TACACCAGTCCGTCCCTT TC-3=; p53 sense, 5=-AGAGACCGCCGTACAGAAGA-3=; p53 antisense, 5=-CTGGTAGCATGGGCATCCTTT-3=; Bcl2 sense, 5=-CTGGCTTCTT CTCCTTCCAG-3=; Bcl2 antisense, 5=-GACGGTAGCGACGAGAGGAA G-3=; ␤-actin sense, 5=-ATGGAATCCTGTGGCATCCA-3=; and ␤-actin antisense, 5=-CGCTCAGGAGGAGCAATGAT-3=.
Statistical analysis. Results are given as means Ϯ the standard error of the mean (SEM). Statistical analysis was performed by using the Student t test. For survival curves, P values were obtained by using a log-rank test.
RESULTS
Scd1 plays a tumor-suppressive role in CML development. BCR-ABL-expressing HSCs (GFP
ϩ Lin Ϫ Sca-1 ϩ c-Kit ϩ cells) in mice function as LSCs (10) . To examine whether BCR-ABL regulates Scd1 expression in LSCs, using our unique SDL global optimization method (17), we reanalyzed the results from our previously published DNA microarray study (GEO submission GSE10912), in which we compared the gene expression profiles between LSCs and normal HSCs. We found that expression of the Scd1 gene was dramatically lower in BCR-ABL-expressing LSCs compared to normal HSCs (Fig. 1A) , and this downregulation of Scd1 in LSCs was confirmed by real-time RT-PCR (Fig. 1B) . Furthermore, we analyzed a publicly available gene expression profiling database of human CML stem cells (25) and found that Scd1 expression was markedly downregulated in the majority of CML patients in chronic phase and blast crisis (Fig. 1C) . These results suggest that Scd1 plays a tumor-suppressive role in CML development. To test this idea, we first investigated whether Scd1 deficiency causes acceleration of CML development using Scd1 homozygous knockout (Scd1 Ϫ/Ϫ ) mice. We transduced bone marrow cells from 5-FU-treated wild-type (WT) or Scd1 Ϫ/Ϫ mice with the BCR-ABL-GFP retrovirus, followed by transplanting the transduced cells into lethally irradiated recipient mice to induce CML. We found that recipients of BCR-ABL-transduced Scd1 Ϫ/Ϫ bone marrow cells developed and died of CML significantly faster than did recipients of BCR-ABL-transduced WT bone marrow cells (Fig.  1D ). The accelerated CML development in the absence of Scd1 correlated with a higher percentage and the total numbers of GFP ϩ Gr-1 ϩ myeloid leukemia cells in PB ( Fig. 1E and F) and with more severe splenomegaly and lung hemorrhage (Fig. 1G) . Histological examination showed more extensive infiltration of leukemia cells in the lung and spleen of CML mice receiving BCR-ABLtransduced Scd1 Ϫ/Ϫ bone marrow cells (Fig. 1H) . Because increased homing of donor bone marrow cells could lead to accelerated CML development, we compared the homing ability of Scd1 Ϫ/Ϫ bone marrow cells to that of WT bone marrow cells 3 h after the transplantation of the cells into recipient mice. We found that the percentages of donor-derived WT and Scd1 Ϫ/Ϫ bone marrow cells in recipient mice were similar (Fig. 1I) , indicating that Scd1 deficiency does not significantly alter the homing ability of bone marrow cells. Reversely, we overexpressed Scd1 in donor bone marrow cells by transducing the cells with retrovirus expressing both BCR-ABL and Scd1 (Fig. 1J) to examine whether the enforced expression of Scd1 causes a delay of CML development. We did observe that Scd1 overexpression caused a significant delay of CML development in secondary recipients of bone marrow cells from the primary CML mice (Fig. 1K ). This delayed CML development correlated with lower percentages of myeloid cells in the PB of the mice (Fig. 1L) . Together, these results indicate that Scd1 plays an inhibitory role in CML development.
We also tested whether Scd1 is required for BCR-ABL induced B-ALL. We first assessed Scd expression in human B-ALL using a publicly available microarray data set (GSE5314) of 37 BCR-ABLpositive (21 of p190 BCR-ABL and 16 of p210 BCR-ABL ) and 17 BCR-ABL-negative adult ALL (11). We did not observe significant difference in Scd expression between BCR-ABL-positive ALL and BCR-ABL-negative ALL and between p190 BCR-ABL -positive and p210
BCR-ABL -positive ALL ( Fig. 2A) . These data suggest that Scd expression may not be relevant to BCR-ABL in ALL. Consistent with this idea, recipients of WT or Scd1 Ϫ/Ϫ bone marrow cells transduced with BCR-ABL retrovirus developed and died of ALL with similar disease latency and survival (Fig. 2B) , correlating with similar numbers and percentages of GFP ϩ B220 ϩ leukemia cells in the PB of the two groups of B-ALL mice ( Fig. 2C and D) . These results indicate that Scd1 is dispensable for BCR-ABL induced B-ALL.
Scd1 suppresses LSCs. The tumor-suppressive effect of Scd1 on CML development could be caused by affecting LSCs. To test this possibility, we first examined whether deletion of Scd1 causes an increase of LSCs in bone marrow of CML mice. At 2 weeks after CML induction using BCR-ABL-transduced WT or Scd1 Ϫ/Ϫ bone marrow cells, we analyzed bone marrow cells from CML mice by FACS (Fig. 3A) . We found that the percentages and numbers of total LSCs and long-term (LT) (
LSCs were significantly higher in recipients of BCR-ABL-transduced Scd1
Ϫ/Ϫ bone marrow cells than in recipients of BCR-ABLtransduced WT bone marrow cells (Fig. 3A) . We also cultured bone marrow cells from CML mice in vitro for 7 days under the stem cell culture conditions (22) and found that the percentages and numbers of Scd1 Ϫ/Ϫ LSCs were significantly higher than those of WT LSCs (Fig. 3B) .
To investigate whether Scd1 affects self-renewal of LSCs, we carried out an in vitro serial replating assay to examine the ability of LSCs to form progenitor colonies. We sorted LSCs from recipients of BCR-ABL-transduced WT or Scd1 Ϫ/Ϫ bone marrow cells and plated the cells in vitro for colony formation. We observed that Scd1 Ϫ/Ϫ LSCs formed significantly higher numbers of colonies compared to WT LSCs (Fig. 3C) . To determine whether deletion of Scd1 causes an increase in LSC function in vivo, we mixed BCR-ABL-transduced WT (CD45.1) and Scd1 Ϫ/Ϫ (CD45.2) bone marrow cells in a 1:1 ratio and transplanted into lethally irradiated mice. At days 8 and 11 after CML induction, FACS analysis showed much higher percentages of CD45.2 ϩ leukemia cells in PB compared to the percentages of CD45.1 ϩ leukemia cells (Fig. 3D ). To further confirm this result, LSCs were sorted by FACS from the bone marrow of primary CML mice receiving BCR-ABL-transduced WT (CD45.1) or Scd1 Ϫ/Ϫ (CD45.2) bone marrow cells, mixed in a 1:1 ratio, and then transplanted into secondary recipient mice. Eight weeks later, more than 75% of the GFP ϩ Gr-1 ϩ leukemia cells in the PB were CD45.2 ϩ (Fig. 3E ), indicating that Ϫ/Ϫ bone marrow cells (CD45.2) and BCR-ABL-transduced WT bone marrow cells (CD45.1) were mixed at 1:1 ratio, followed by transplantation into lethally irradiated recipients mice. The percentages of CD45.2 cells in GFP ϩ cell population from PB were compared to those of CD45.2 cells at 8 weeks after BMT (n ϭ 3; ***, P Ͻ 0.0001).
Scd1
Ϫ/Ϫ LSCs grew predominantly over WT LSCs to induce CML in recipient mice. Together, these results demonstrate that Scd1 inhibits proliferation of LSCs.
Scd1 deletion inhibits apoptosis but not the cell cycle of LSCs. To explore cellular mechanisms by which Scd1 regulates LSC function, we investigated whether Scd1 suppresses LSCs through affecting cell cycle progression or apoptosis. We analyzed LSCs from the bone marrow and spleen of CML mice, and we did not observe a significant difference in the percentages of LSCs in the S-G 2 -M phase of the cell cycle in the presence or absence of Scd1 (Fig. 4A) . However, the percentages of apoptotic LSCs (annexin V ϩ ) were significantly lower in the absence than in the presence of Scd1 (Fig. 4B) , indicating Scd1 suppresses LSCs through reducing their survival. To study the molecular mechanisms by which Scd1 suppresses LSCs and attenuates CML development, we compared the expression of Pten, p53, and Bcl-2 in WT and Scd1 Ϫ/Ϫ leukemia progenitor cells and LSCs. We found that a Scd1 deficiency caused a decreased expression of Pten and p53 and an increased expression of Bcl-2 in LSCs (Fig. 4C ) and in GFP ϩ Lin Ϫ leukemia progenitor cells (Fig. 4D) . Consistently, when we overexpressed Scd1 in LSCs, we found that Scd1 overexpression induced the expression of Pten and p53 and reduced the expression of Bcl-2 in LSCs (Fig. 4E) . To examine functional significance of these genes in LSCs, we constructed the BCR-ABL-Pten-GFP retroviral construct to allow coexpression of BCR-ABL, Pten, and green fluorescent protein (GFP) in the same cells ( 
23). We transduced bone marrow cells obtained from WT or Scd1 Ϫ/Ϫ mice with BCR-ABLPten-GFP retrovirus and transplanted into lethally irradiated recipient mice. Recipients of BCR-ABL-transduced Scd1 Ϫ/Ϫ bone marrow cells displayed higher percentages and numbers of leukemia cells in the PB compared to recipients of BCR-ABL-transduced WT bone marrow cells, whereas recipients of BCR-ABL-Pten-transduced WT and Scd1
Ϫ/Ϫ bone marrow cells showed a lower number of leukemia cells ( Fig. 4F and G) . These results indicate that Pten functions downstream of Scd1 to suppress CML development. To further confirm the effect of Pten on Scd1 Ϫ/Ϫ LSCs, we conducted a colony-forming assay and found that Pten suppressed the colony formation of Scd1 Ϫ/Ϫ LSCs (Fig. 4H ).
To study whether Scd1 functions through Bcl2 and p53, we knocked down expression of these two genes with lentiviral shRNAs (Fig. 4I) . Because Scd1 deficiency caused a higher level of Bcl2 expression in Scd1 Ϫ/Ϫ LSCs (Fig. 4C) , we assumed that Bcl2 knockdown would reverse the phenotype of Scd1 Ϫ/Ϫ LSCs. As expected, we found that Scd1 Ϫ/Ϫ LSCs with Bcl2 knockdown gave rise to fewer colonies compared to control Scd1 Ϫ/Ϫ LSCs without Bcl2 knockdown (Fig.  4J) , indicating that Bcl2 also mediates the function of Scd1 in LSCs. Furthermore, we knocked down p53 in Scd1-expressing LSCs and observed an increased number of colonies (Fig. 4K) , although the increase was not statistically significant, suggesting that p53 plays a minor role downstream of Scd1 in LSCs.
To examine whether Scd1 regulates expression of Pten, p53, and Bcl2 at a transcriptional or posttranscriptional level, we first performed ChIP of RNA Pol II using WT and Scd1 Ϫ/Ϫ leukemia cells and found that the enrichments of Pol II in the promoters of Pten and p53 were significantly higher in the WT leukemia cells than in the Scd1 Ϫ/Ϫ leukemia cells ( Fig. 5A and B) . We also found that the enrichment of Pol II in the promoter of Bcl2 was lower in the WT leukemia cells than in the Scd1 Ϫ/Ϫ leukemia cells (Fig.  5C ). These data suggest that Scd1 deletion reduces the transcription of Pten and p53 and induces Bcl2 transcription. We tested whether Scd1 affects mRNA stability of Pten, p53, and Bcl2. Leukemia cells from WT and Scd1 Ϫ/Ϫ CML mice were treated with actinomycin D (5 g/ml) to block the transcription, the total RNA was subsequently harvested at various time points, and the mRNA half-life for Pten, p53, or Bcl2 was examined by RT-PCR. We found that the mRNA half-lives for Pten and p53 were similar in WT and Scd1 Ϫ/Ϫ leukemia cells, but the mRNA half-life for Bcl2 was markedly increased in Scd1 Ϫ/Ϫ leukemia cells (Fig. 5D) . These results indicate that Scd1 regulates the expression of Pten and p53 only at the transcriptional level but regulates the expression of Bcl2 through affecting both transcription and mRNA stability.
To further study the functional relationship between Scd1 and Pten/p53, we examined Akt phosphorylation in Scd1 Ϫ/Ϫ leukemia cells, because a published study showed an increased Akt activity in Scd1 Ϫ/Ϫ cells (26). We found that the level of Akt phosphorylation level was elevated in Scd1 Ϫ/Ϫ leukemia cells (Fig. 5E) . Therefore, we sought to determine whether the Akt pathway is involved in the regulation of Pten and p53 by Scd1. We treated Scd1 Ϫ/Ϫ CML leukemia cells with the Akt inhibitor triciribine and found that inhibition of Akt activity partially reversed expression of Pten but not p53 ( Fig. 5F and G). Inhibition of the PI3K/mTOR pathway by the dual inhibitor PI103 reversed the expression of both Pten and p53 ( Fig. 5F and G) . However, inhibition of mitogen-activated protein kinase (MAPK) activity by the inhibitor SB203580 did not have an effect on the expression of either Pten or p53 ( Fig. 5F and G) . These results suggest that the PI3K/Akt pathway but not the MAPK pathway mediates the regulation of Pten and p53 by Scd1.
Induction of Scd1 expression inhibits LSCs and attenuates CML development. The tumor-suppressive role of Scd1 in CML development prompted us to test whether the upregulation of Scd1 expression delays CML development. It has been shown that the PPAR␥ agonists rosiglitazone and pioglitazone induce Scd1 expression, and this Scd1 upregulation is blocked by PPAR␥ antagonists in vitro and in vivo (24, 33) . Therefore, we treated bone marrow cells from CML mice with rosiglitazone for 7 days in vitro and found that Scd1 expression was significantly induced in LSCs (Fig. 6A) , accompanied by a dramatic decrease in the numbers of LSCs (Fig. 6B) . To test the effect of rosiglitazone on CML development, we treated CML with a placebo, with imatinib alone, with rosiglitazone alone, and with the two agents in combination. Although treatment with rosiglitazone alone did not prolong the survival of CML mice, the combined treatment with rosiglitazone and imatinib synergized and more significantly prolonged survival of CML mice than did the use of imatinib alone (Fig. 6C ). This therapeutic effect by rosiglitazone and imatinib correlated with much lower numbers of GFP ϩ Gr-1 ϩ myeloid leukemia cells (Fig. 6D ) and increased the apoptosis (Fig. 6E ) of leukemia cells in the PB. Because Scd1 overexpression induced the expression of Pten and p53 in LSCs (Fig. 4E) , we tested whether rosiglitazone treatment affects Pten and p53 expression. We observed higher levels of Pten and p53 expression in LSCs after rosiglitazone treatment (Fig. 6F) . We also treated the human CML cell line K562 with rosiglitazone for 24 h and found that rosiglitazone treatment induced the expression of Pten, p53, and Scd1 but decreased the expression of Bcl2 (Fig. 6G) .
To confirm the requirement of Scd1 for the effect of rosiglitazone in suppressing leukemia development, we cultured bone marrow cells from recipients of BCR-ABL transduced WT and Scd1 Ϫ/Ϫ bone marrow cells in vitro under the stem cell culture conditions in the presence of rosiglitazone. We found that rosiglitazone treatment caused a marked decrease (up to 55%) of WT LSCs (Fig. 6H) . In contrast, rosiglitazone treatment only caused a modest decrease in the percentage of Scd1 Ϫ/Ϫ LSCs (25% decrease) (Fig. 6H) , indicating that rosiglitazone regulates LSCs through Scd1. In addition, we compared the impact of rosiglitazone on the colony-forming ability between WT and Scd1 Ϫ/Ϫ LSCs. Since Scd1 Ϫ/Ϫ LSCs had an increased colony-forming ability (Fig. 3C) , we normalized the colony number in the control group (DMSO) to 100% and showed that the deletion of Scd1 caused a slight reduction in colony formation after rosiglitazone treatment (Fig. 6I) , further demonstrating that the inhibitory effect of rosiglitazone on LSCs is mediated through the induction of Scd1 expression. To examine whether Scd1 plays a similar role in human leukemia cells, we silenced Scd1 expression in K562 cells using lentiviral shRNA and found that Scd1 knockdown markedly induced the proliferation of K562 cells and also significantly reduced imatinib sensitivity (Fig. 6J) , indicating that Scd1 also plays a tumor-suppressive role in human leukemia cells.
To investigate whether Scd1 synergizes with imatinib in delaying CML development, we first analyzed our LSC microarray data and found that imatinib treatment induced Scd1 expression in LSCs (Fig. 7A) . We next treated leukemia cells with imatinib in vitro under the stem cell culture conditions and found that treatment with imatinib or rosiglitazone alone caused an increase in Scd1 expression and that treatment with both drugs further induced Scd1 expression (Fig. 7B) . Furthermore, we treated recipients of BCR-ABL-transduced WT and Scd1 Ϫ/Ϫ bone marrow cells with imatinib and found that, upon imatinib treatment, the survival of recipients of BCR-ABLtransduced WT bone marrow cells was significantly longer than recipients of BCR-ABL-transduced Scd1 Ϫ/Ϫ bone marrow cells (Fig. 7C) , a finding consistent with a lower percentage of leukemia cells in the presence of Scd1 (Fig. 7D) .
Scd1 does not affect normal HSCs. Since Scd1 is a suppressor of LSCs in CML mice (Fig. 3) , we wondered whether this inhibitory effect is specific to LSCs with no effect on normal HSCs. We analyzed non-BCR-ABL-expressing (GFP
Ϫ/Ϫ bone marrow cells. We did not observe any significant differences in the percentages and numbers of these cell populations between the two groups (Fig.  8A ). This result suggests that Scd1 does not suppress normal HSCs. To confirm this observation, we directly analyzed HSCs and progenitors in bone marrow of WT and Scd1 Ϫ/Ϫ mice. We found that the percentages of total HSCs (Lin to those in WT mice (Fig. 8B) Ϫ/Ϫ and WT mice (Fig. 8B ). In addition, Scd1 Ϫ/Ϫ mice had a normal distribution of mature myeloid cells (Gr-1 ϩ Mac-1 ϩ ) and B lymphoid cells (B220 ϩ ) (Fig. 8C ).
To determine whether Scd1 affects the self-renewal capacity of HSCs, we performed a competitive repopulation assay. Bone marrow cells (2 ϫ 10 5 ) from WT (CD45.2) or Scd1 Ϫ/Ϫ (CD45.2) mice were transplanted into each lethally irradiated CD45.1 mouse, along with equal numbers of WT CD45.1 competitor bone marrow cells. Analysis of these chimeric mice was performed by FACS over 1 to 4 months after the BMT. We found that the percentages of WT and Scd1 Ϫ/Ϫ donor-derived myeloid cells (Gr-1 ϩ , Mac- Ϫ/Ϫ donor-derived B and T cells at 16 weeks were slightly higher than those of WT donor-derived cells (Fig. 8D ), although the difference was not statistically significant. At 16 weeks, we directly compared the percentages of donor-derived WT and Scd1 Ϫ/Ϫ HSCs in bone marrow, and we did not observe a significant difference (Fig. 8E) . Together, these results indicate that Scd1 does not affect the function of normal HSCs.
DISCUSSION
Our study supports a critical role for Scd1 in CML development through specifically regulating LSCs but not normal HSCs. In our previously published study, we identified another lipid-metabolic gene, arachidonate 5-lipoxygenase (Alox5), required for functional regulation of LSCs but not normal HSCs (1). Our identification of Scd1 in the present study strengthens the feasibility of specifically targeting LSCs in the treatment of CML.
Although dysregulated expression of Scd1 has been observed in several human cancers (32) , to our knowledge the present study provides the first evidence for the role of Scd1 in hematopoiesis and leukemogenesis. Previous data indicated that Scd1 regulated cancer cell proliferation and survival. Knockdown of Scd1 by small interfering RNA significantly reduced the survival of multiple human tumor cell lines (21) . In contrast, in the present study, we found that Scd1 plays a tumor-suppressive role in LSCs through regulating apoptosis of LSCs. This indicates that Scd1 plays different roles in different cancers. In addition, while CML development was accelerated in the loss of Scd1, the development of Ph ϩ B-ALL could be unimpaired. It is known that CML is a stem cell disease, while the cell of origin for ALL is a committed B-cell progenitor (16) . Therefore, the distinct roles of Scd1 in different leukemia subtypes suggest that Scd1 acts in a cell-type-specific manner.
With respect to the molecular basis for the functional regulation of LSCs by Scd1, we show that Scd1 deficiency results in dysregulated expression of apoptosis-related genes, including decreased expression of Pten and p53 and increased expression of Bcl-2, which is consistent with the observation from other groups showing that Scd1 deficiency reduces cardiac apoptosis in ob/ob mice due to the increased expression of antiapoptotic factor Bcl-2 (4). In addition, we also show that treatment with PPAR␥ agonist induces the apoptosis of leukemia cells, which is associated with a higher expression of Scd1, Pten, and p53. A recent study showed that unsaturated fatty acid affected Pten expression in hepatoma cells through regulating microRNA-mediated Pten mRNA stability, which depends on the mTOR and NF-B pathways (30) . Our results show that Scd1 regulates Pten, p53, and Bcl2 at the transcriptional and/or posttranscriptional level. However, detailed mechanisms by which Scd1 regulates expression of Pten, p53, and Bcl2 need to be further investigated in the future.
The mechanisms by which a PPAR␥ agonist inhibits LSCs is unclear. PPARs are ligand-binding transcription factors belonging to the nuclear receptor family. PPARs are involved in regulating lipid metabolism, cell growth, and survival. It has been shown that activation of the PPAR pathway with the dual PPAR␣ and PPAR␥ ligand TZD18 induces apoptosis and inhibits the proliferation of human CML cells (18, 34) . Although rosiglitazone synergized with imatinib to delay CML development, rosiglitazone alone failed to do so. One possibility is that rosiglitazone alone is not effective enough to prevent lung hemorrhage, a major cause of death of CML mice. Another possibility is that the level of Scd1 induced by rosiglitazone is not high enough to delay CML development. PPAR agonists are anti-inflammatory agents since they inhibit the expression of several proinflammatory cytokines and most chemokines (3) . A role of an anti-inflammatory agent on LSCs is supported by our previous study showing that the antiinflammatory drug Zileuton, which inhibits the function of the Alox5 gene, prolongs the survival of CML mice (1). We treated LSCs from CML mice in vitro with rosiglitazone alone or both rosiglitazone and Zileuton and found that the dual drug treatment resulted in a significantly lower percentage of LSCs compared to treatment with rosiglitazone alone (data not shown), indicating that an Alox5 inhibitor synergizes with PPAR agonist to inhibit LSCs. Together, enhancement of Scd1 activity provides an attractive strategy for eliminating LSCs in CML.
